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Sphingolipid and cholesterol-rich liquid ordered lipid domains (lipid rafts) have been studied in both eukaryotic cells and model
membranes. However, while the coexistence of ordered and disordered liquid phases can now be easily demonstrated in model membranes,
the situation in cell membranes remains ambiguous. Unlike the usual situation in model membranes, under most conditions, cell membranes
rich in sphingolipid and cholesterol may have a ‘‘granular’’ organization in which the size of ordered and/or disordered domains is extremely
small and domains may be of borderline stability. This review attempts to explain the origin of the divergence between of our understanding
of rafts in model membranes and in cells, and how the physical properties of model membranes can help explain many of the ambiguities
concerning raft formation and properties in cells. How physical principles of ordered domain formation relate to limitations of detergent
insolubility and cholesterol depletion methods used to infer the presence of rafts in cells is also discussed. Possible modifications of these
techniques that may increase their reliability are considered. It will be necessary to study model membrane systems more closely
approximating cell membranes in order gain a complete understanding of raft properties in cells. Very high concentrations of membrane
cholesterol and proteins may explain key physical characteristics of domains in cellular membranes, and are the two of the most obvious
factors requiring additional study.
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state1. Introduction
Lipid rafts is the name given to liquid ordered sphingolipid/
sterol-rich domains proposed to co-exist with more traditional
disordered fluid domains in many eukaryotic cell membranes
(especially plasmamembranes). Lipid raft involvement has been
proposed for a wide variety of cellular processes [1–9]. By
locally concentrating proteins in a single type of domain or
segregating proteins into different domains, the presence of rafts
could provide control over protein–protein interactions. Lipid
domains might also be important because their distinct physical
properties and lipid compositions could affect membrane protein
conformation, and thus function.
However, the exact role of raft participation in many
biological processes has been hard to pin down, and is justifiably
controversial. Part of the problem is that in most cases, the direct0167-4889/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2005.09.002
E-mail address: elondon@notes.cc.sunysb.edu.detection of lipid rafts intact cell membranes remains problem-
atical. In addition, there are a number of critical questions about
rafts that remain unanswered: what is raft size in cells? what
controls raft size? what controls the affinity of transmembrane
proteins for rafts? what is the nature of rafts in the sphingolipid-
poor inner (cytofacial) leaflet of membranes?
Studies of model membranes have begun to decipher the
principles governing the formation and properties of lipid
domains. In contrast to the situation in cells, studies of
domain formation in model membranes are converging to a
consensus. It is clear that liquid ordered and liquid disordered
domains can co-exist in model membranes. The properties of
lipid domains in model membranes, and how they provide
insight into the origin of some of the ambiguities surrounding
rafts in cells is the topic of this review. It should be noted
there have been many other useful reviews of the physical
properties of lipid rafts and raft components in model
membranes, e.g., [10–16].1746 (2005) 203 – 220
http://www
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2.1. Lipid phases and early studies of lipid domains in model
membranes
A brief description of early studies of lipid domain
formation in model membranes provides useful background
about how our view of lipid domains has evolved. The idea that
lipid domains with different physical properties could exist in
membranes was familiar by the 1970s. Numerous studies using
calorimetric, spectroscopic or other techniques showed that
phospholipid bilayers could contain solid-like gel state (Lh)
domains co-existing with fluid state domains [17]. (This
ordinary fluid state is often called the La or liquid crystalline
state, but the alternate term Ld, liquid disordered state, will be
used here.) Lipids having natural acyl chains that are saturated
(i.e., double bond-lacking), including most sphingolipids, were
generally found to form lipid bilayers with high Lh-to-Ld
melting temperatures (Tm). Lipids having unsaturated acyl
chains (like most natural phospholipids) were generally found
to have low Tm. Interestingly, mixed bilayers could be
prepared in which gel phases rich in sphingolipids and Ld
domains rich in unsaturated phospholipids co-existed, suggest-
ing that an analogous phase co-existence might exist in
sphingolipid containing eukaryotic cell membranes [18].
However, evidence for the formation of sphingolipid-rich
domains in cells was insufficient for this hypothesis to gain
wide acceptance.
The presence of a high concentration of cholesterol in cell
membranes was a complicating factor that seemed to point
away from the possibility of co-existing lipid domains in cells.
Model membrane studies showed that mixtures of cholesterol
with high Tm lipids having saturated acyl chains (like
dipalmitoylphosphatidylcholine (DPPC) and sphingomyelin
(SM)) could form a state that, similar to the gel state, was
tightly packed and ordered, but in which lateral motion was
almost as rapid as in the Ld state [19,20]. This cholesterol-
containing state was eventually named the liquid ordered (Lo)
state [21]. The proposal that incorporating high membrane
cholesterol concentrations into DPPC bilayers transformed
both gel and Ld states into the Lo state suggested that co-
existing lipid domains with different physical states were
unlikely to be present in biological membranes. The Lo model
(and related earlier versions [22]) for DPPC–cholesterol
mixtures did propose that Lo and Ld states could co-exist in
binary DPPC-cholesterol mixtures. However, because co-
existence was difficult to detect other than by certain
spectroscopic methods [23,24], and was only proposed to exist
at lower cholesterol concentrations, it was not immediately
predicted that Lo and Ld domains would co-exist in cells.
The idea that lipid domains might exist in cells received a
strong impetus from the proposal that domains composed of
glycosphingolipids and apically-directed proteins in polarized
epithelial cells, which were named lipid rafts, might be
responsible for co-sorting of these species [25,26]. A subse-
quent study revealing that a Triton X-100 insoluble membrane
fraction from mammalian cells was rich in glycosylpho-sphatidylinositol (GPI)-anchored proteins, sphingolipids and
cholesterol suggested this detergent resistant membrane (DRM)
fraction might arise from rafts [27]. [A sphingomyelin and
cholesterol rich TX-100 insoluble membrane fraction from
erythrocytes had been isolated almost 20 years earlier, but the
suggestion that it might originate from lipid domains was not
followed up [28].] DRM have been isolated by separation from
solubilized material using centrifugation techniques [27,29].
Recent studies have shown that flow cytometry [30] or
microscopy [31] analyses of detergent-treated cells can also
be used to identify membrane proteins resistant to solubiliza-
tion by detergent.
Model membrane vesicle studies of lipid and GPI–protein
insolubility in detergent, performed in ternary and higher
order mixtures composed of high-Tm lipids, low-Tm lipids
and cholesterol, combined with fluorescence polarization
experiments, led to the proposal that Ld domains rich in
unsaturated phospholipids might separate from detergent-
insoluble Lo-like raft domains in cells [29]. This model
satisfactorily explained the enrichment within DRM of
proteins anchored by lipids having predominately saturated
acyl chains because saturated chains can pack well within
ordered domains. Subsequent fluorescence quenching studies
in model membrane vesicles showed relatively high choles-
terol concentrations could promote Ld/Lo co-existence in
mixtures of high and low Tm lipids [32,33], including
sphingolipid-containing mixtures [33]. In addition, it was
found that detergent insolubility was observed only in
samples containing pre-existing Lo domains as judged by
quenching [33]. Several studies in model membranes have
confirmed that detergent insolubility can often be a reliable
method to identify ordered domains [34–37]. However, the
relationship between detergent insolubility and ordered
domain formation has turned out to be rather complex and
insolubility data is often ambiguous (see below). Neverthe-
less, studies by several groups have confirmed the conclusion
Ld and Lo domains co-exist in ternary mixtures of the type
described above, and have directly visualized co-existing Lo
and Ld lipid domains in model membranes [37–41]. The co-
existence of Ld and Lo domains in model membrane bilayers
is now very widely accepted by the biophysical community.
2.2. The behavior of lipid bilayers composed of ternary lipid
mixtures that crudely imitate cell membranes
To understand what model membrane studies predict about
cell membranes, it is necessary to consider lipid phase
behavior. The simplest lipid mixture that might imitate
eukaryotic plasma membrane behavior is a ternary mixture
of: (1) high Tm lipid (e.g., sphingolipids with saturated acyl
chains), (2) low Tm lipid (e.g., phospholipids with unsaturated
acyl chains) and (3) cholesterol. A hypothetical ternary phase
diagram for such a mixture is shown in Fig. 1. Comparison to
some experiment-based partial phase diagrams for lipid
mixtures of this type suggest this figure may be a realistic
representation of the phase behavior of such mixtures
[32,38,39,42]. However, it should be cautioned that in no
Fig. 1. Ternary lipid phase diagram for a lipid mixture imitating plasma
membrane outer leaflets. Vertices give points at which cholesterol, low Tm lipid
and high Tm lipid form 100% of the sample. Horizontal dashed lines indicating
the positions of different cholesterol concentrations are shown at left. Vertical
dashed line indicating the position of a 1:1 mix of low and high Tm lipid is
shown at bottom. Notice that continued to the cholesterol vertex this latter line
always corresponds to a 1:1 mix of low Tm and high Tm lipid. Filled area at high
cholesterol concentration represents region of excess (insoluble) cholesterol.
Solid lines are boundaries between regions of different phase composition.
Dashed lines in the interior of the phase diagram are sample tie lines within
regions of two-phase co-existence. Along the tie lines the composition (but not
the amount) of each phase is constant. Position of critical point is denoted by the
filled circle. G=gel (Lh) phase (solid-like phase); Ld (La)=disordered liquid
phase; Lo=liquid ordered phase. See text for additional details.
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lipid mixtures yet certain.
The phase diagram specifies what phases are present as a
function of composition. The composition of each component
varies from 100% at a specific vertex (labeled with that
component), to 0% at the base of the triangle opposite that
vertex. At intermediate points, the distance between a vertex and
the corresponding base gives the fractional composition of the
appropriate component. For example, the base of the triangle
opposite the 100% cholesterol vertex in Fig. 1 corresponds
mixtures of high and low Tm lipids with 0% cholesterol.
The example shown is one in which the temperature chosen
is above the Tm of bilayers composed solely of the low Tm
lipid, and below the Tm of bilayers composed solely of the
high Tm lipid. The phase behavior shown reflects a case in
which binary mixtures of the high Tm lipid and low Tm lipid
are partially miscible (i.e., form a homogeneous single phase in
some compositions but not others), binary mixtures of the high
Tm lipid and cholesterol are partially miscible, and binary
mixtures of the low Tm lipid and cholesterol are fully miscible
except at very high cholesterol concentrations, at which
cholesterol crystals form [43]. This very high (often > 50–66
mol%) cholesterol region of the phase diagram will not be
considered further.
Even this simplified diagram shows that phase behavior is
complex and sensitive to precise lipid composition. There are
regions within which there are single phases, two co-existing
phases, or even three co-existing phases present. In the innertriangular region containing three phases, the composition of
each phase is fixed, and is given by lipid compositions at
vertices of the inner triangle. In regions of the diagram in which
two phases co-exist, the composition of each phase depends
upon the exact amount of each component present. However,
each and every point within this region falls on a ‘‘tie-line’’
(samples of which are shown as dotted lines in Fig. 1). For
mixtures along any specific tie-line the lipid composition of each
of the two phases present is different, but fixed, while the
fraction of the membrane that is in each phase depends upon
composition. The composition of each phase is given by the
compositions at the points at which the tie-line intersects the
boundaries of the two phase region (e.g., points a and b or points
d and e), and the fraction of the total lipid in each phase is
linearly related to the position of the point giving the overall
lipid composition along the tie line. A bilayer with a
composition given by the point on a tie-line half-way been
intersection points has equal amounts of the two phases. Another
important feature of this phase diagram is that as the overall lipid
composition in the Ld+Lo two-phase region approaches a
critical point (point c in Fig. 1), the difference between the
compositions of the two phases becomes vanishingly small.
The increasing similarity between phases as the critical
point is approached is illustrated schematically in Fig. 2 (left
branch). Fig. 2 (right branch) shows that a decrease in domain
size can be another way in which separate phases disappear.
Domains could become so small as to become virtually
indistinguishable from uniform mixtures. Near the critical
point, the unfavorable energy of lipid–lipid interaction across
domain boundaries might be minimal, and thus a deceased
domain size might be favored.
Indeed, there is increasing evidence that if rafts exist in cells
in the basal state, they are likely in many cases to be very
small. Thus, membranes could have a very ‘‘granular’’ domain
structure (see below). In should be noted that at such small
domain size whether one considers a domain to represent a
separate physical phase or a cluster of molecules begins to
become arbitrary [44].
It is noteworthy that just ‘‘beyond’’ (to the left of) the critical
point in Fig. 1, there is only a single phase, but in this region,
lipid properties can still change gradually such that as
composition changes the bilayer can gradually transform from
an Ld state to Lo state, despite the lack of a distinct transition
point (e.g., in Fig. 1 moving from point f to g by increasing
cholesterol concentration).
In this case, one must wonder to what extent weak lipid
inhomogeneity can exist due to modest levels of non-ideal
mixing of lipids (i.e., weak favorable or unfavorable lipid–
lipid interaction). Studies modeling such situations show that
small clusters that clearly do not correspond to true domains
can form [45].
It is known that eukaryotic plasma membranes are relatively
rich in sphingolipids and sterol, at least in their outer leaflets
(exofacial monolayer), and thus a phase diagram similar to that
in Fig. 1 could apply to the outer leaflet. As discussed below,
this has important implications for plasma membrane behavior.
However, interpretation is complicated by the fact the exact
Fig. 2. Two ways in which domain-containing bilayers can grade into homogenous bilayers. Schematic represents a section of a lipid bilayer viewed from ‘‘above’’
the bilayer surface. Top, sample with two different types of domain having distinct lipid compositions and physical states. Bottom, homogenous lipid mixture lacking
domains. Left branch, sample in which differences in domain lipid composition and physical state fade away from top to bottom. Right branch, sample in which
domain size progressively decreases from large to infinitesimal from top to bottom.
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cellular lipid compositions would fall on a phase diagram
remains uncertain. The level of uncertainty is such that
plausible models for the behavior of plasma membranes can
be proposed in which the entire outer leaflet is in the Lo state
[46,47]. This may be most likely for certain membranes rich in
sphingolipids [48]. However, the high content of transmem-
brane proteins and the low affinity of many transmembrane
proteins for ordered domains (see below) makes formation of a
truly homogeneous Lo leaflet seem rather unlikely.
2.3. Role of acyl chain and headgroup structure in the ordered
domain formation
In a bilayer composed of a single lipid, the stability of the
gel state (i.e., whether that lipid has a high Tm) is favored by
lipid structures that allow tight/close packing. Saturated acyl
chains, long acyl chains and headgroup structures that interact
favorably and avoid steric clashes all contribute to the stability
of the gel state.
Tight lipid packing is also a likely primary driving force for
the formation of Lo domains, with Van der Waals interactions
between acyl chains and sterols likely having a critical role
[35,49]. As noted above, the hypothesis that tight acyl chain
packing is a key to Lo domain formation explains many of the
properties of lipid rafts. However, the effect of lipid headgroup
structure upon ordered domain formation is also important. In
terms of steric factors, headgroups can inhibit tight lipid
packing when they are so large that they would ‘‘bump’’ into
one another if the hydrocarbon chains on the lipids to which
they are attached pack closely. [This type of lipid shape ischaracteristic of a lipid with an inverted cone shape (head-
group cross-sectional area>acyl chain cross-sectional area).]
On the other hand, a large headgroup on one lipid can promote
tight packing when mixed with lipids having especially small
headgroups (see below).
More specific interactions between lipids are also likely to be
important for ordered domain formation. In the original version
of the raft hypothesis in cells, the emphasis was on hydrogen-
bonding between carbohydrate groups [26]. H-bonding is not
usually thought to be a powerful driving force for interactions of
biomolecules in water because in a hydrophilic environment
loss of H-bonding between two molecules is largely balanced
out by the formation of H-bonds with water. However, lipid
headgroups probably form an environment of intermediate
hydrophobicity, with progressively increasing hydrophobicity
towards the bilayer core. Thus, H-bonding and other interac-
tions between sugars may promote intermolecular interactions
between lipids [176]. H-bonding involving more deeply
positioned groups, such as the sphingoid base OH, sphingolipid
amide, a-OH groups on hydroxyl fatty acids, and OH group of
sterols may also be important in lipid–lipid interaction [50]. It
should be noted that in addition to H-bonding effects, polar lipid
groups may be important for raft formation or properties via
their impact upon the membrane dipole potential [51,52].
2.4. How lipids that associate poorly with ordered domains
may promote ordered domain formation
The formation of co-existing ordered and disordered
domains is a phenomenon that depends on lipid– lipid
immiscibility. The inability of lipids to mix should be a
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favoring lipids in a mixture. Thus, in some (but not all) cases a
lipid that tends to form the Ld state, and has a very low Tm,
could mix especially poorly with sphingolipids and choles-
terol, and thus promote the formation of sphingolipid and
cholesterol rich ordered domains to a greater degree than a Ld-
forming lipid with a higher Tm. Relatively little has been done
to date to compare promotion of raft formation by different
Ld-favoring lipids. However, studies of lipids with docosa-
hexaenoic (DHA, 22:6 (N-3)) acyl chains have shown they
interact especially poorly with cholesterol, and they have
been proposed to promote raft formation by saturated lipids
and cholesterol especially well [53].
2.5. Participation of lipids in rafts within the inner leaflet
(cytofacial monolayer)
The nature of raft formation in the inner leaflet of membranes
remains a mystery. There is believed to be little sphingolipid in
the inner leaflet, and one proposal implies the inner leaflet
should be entirely in the Ld state [47]. At the other extreme, it
has been proposed the entire inner leaflet might be in the Lo
state [46]. The fact that inner leaflet proteins anchored by
saturated acyl chains tend to be isolated within DRM, and can
co-localize with outer (exofacial) leaflet raft markers by
microscopy, while inner leaflet proteins anchored by poly-
isoprene chains, which should have poor packing properties,
show the opposite behavior suggests Ld and Lo states might co-
exist in the inner leaflet [54–59].
If sphingolipids are not involved in Lo domain formation in
the inner leaflet, then lipids participating in ordered domain
formation in the inner leaflet must be different from those in the
outer leaflet. One study has found that 1-palmitoyl 2-oleoyl (PO)
phosphatidylethanolamine and PO phosphatidylserine, two
major inner leaflet lipids in mammals, are unable to form
ordered domains in mixtures with a brominated analog of POPC
[60]. However, whether these inner leaflet lipids could form a
separate phase under the influence of specific proteins or when
mixed with other inner leaflet lipids, is not yet known. The recent
demonstration that ceramide, a molecule that strongly favors
ordered domain formation (see below) flips across membranes
quickly [61,62] raises the possibility that ceramide-rich domains
might form in the inner leaflet under some conditions. In
addition, the possibility that ordered domains in the outer leaflet
stabilize ordered domain formation by inner leaflet lipids cannot
be ruled out. Interdigitation between inner and outer leaflet acyl
chains might play a role in this process [177].
Another source of uncertainty is the amount of cholesterol in
the inner vs. outer leaflets. Despite some clever experimental
measurements using various methods [63–65], there is no
consensus on this point. One might predict from the higher
affinity of cholesterol for sphingolipid relative to most phos-
pholipids [66,67], and fast cholesterol transverse diffusion (flip-
flop), that the outer leaflet would be more cholesterol-rich. On
the other hand, a balance between inner and outer leaflet surface
areas must be maintained for membranes to be stable, and this
could impose an additional constraint upon cholesterol balancebetween inner and outer leaflets if there is an imbalance of other
inner and outer leaflet lipids.
3. Implications of lipid phase behavior in model membrane
bilayers for cellular raft properties
It is a reflection of slow progress in the raft field that three
models we described in an earlier review for why rafts might be
difficult to detect in cells: infinitesimal size, modest compo-
sitional differences between raft and non-raft domains, or non-
existence in the absence of triggering interactions (e.g., in the
absence of aggregation of raft-associating proteins) [68],
remain viable 7 years later. From the discussion above, it
should be evident that these properties can be closely linked to
lipid phase behavior. This is considered in more detail below.
3.1. Implications of membrane compositions near domain
co-existence boundaries or critical points
As noted above, ternary phase diagrams show that there are
lipid compositions at which domain formation in cell mem-
branes could be difficult to detect. One example is a composition
near a boundary separating homogeneous membranes from
those with co-existing domains (e.g., along the solid line
connecting a to c to b in Fig. 1). The possibility cell membranes
have such compositions is attractive because it would allow
facile biological regulation of domain formation by small
changes in membrane lipid (or protein) composition. These
conditions would be consistent with the hypothesis that rafts
usually do not exist constitutively, but rather only form upon the
action of specific physiological triggers. An alternative is that
rafts exist constitutively as small domains, and that formation of
large rafts requires specific physiological triggering.
Unfortunately, in this region of a phase diagram observation
of domains is especially sensitive to the experimental technique
used and its tendency to perturb phase behavior. A possibility
that would be even more difficult to study is that a cellular
membrane composition is within the two-phase region but
close to the Ld–Lo critical point. As noted above, near such a
critical point membrane lipids would only very weakly
distinguish between different domains and thus Lo and Ld
domains would have similar lipid compositions, similar
physical properties, and perhaps small size. These factors
could combine to make separate domains in cells much more
difficult to detect than in model membranes, in which samples
are usually designed to avoid this region of the phase diagram.
3.2. Proteins may be able to distinguish between domains with
similar lipid compositions and properties
If cell membranes exist near a critical point, it might seem
that domain formation would not be functionally significant
because proteins could not distinguish domains of similar lipid
composition and physical properties. This is not necessarily
true. Formation of oligomers or protein complexes can greatly
amplify affinity for a particular type of domain [16,55,68].
Thus, proteins might discriminate between physically similar
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regard, it is interesting that cholera toxin (CT), which contains
a B chain pentamer that binds five glycosphingolipids
(ganglioside GM1), has a very strong raft affinity [69], and is
often used to detect ordered domains in cells. In an extreme
case, the presence of proteins might even induce raft formation
under conditions they would not form otherwise. As described
below, this has been observed for CT.
3.3. Effect of local lipid heterogeneity/dynamics upon domain
formation for compositions near co-existence boundaries
It has been pointed out that cell membranes might be too
dynamic to let rafts form to a level expected based upon lipid
equilibria [70]. On the other hand, not being at equilibrium
could sometimes help promote local raft formation. Local
heterogeneities in lipid composition that had an appreciable
lifetime might allow rafts to exist in one part of a membrane,
even though they would not exist given the overall average
membrane composition (Adam Hammond, Cornell U., person-
al communication). This could be especially important if the
overall composition of a membrane was close to a phase co-
existence boundary. A related phenomenon is that rafts might
exist transiently due to metabolic processes such as lipase
action. A few lipase molecules might create a small patch rich
enough in saturated lysoPC or ceramide to form a small
domain (see below). Such rafts might be difficult to detect, and
yet have a significant functional impact.
4. Domain size in model membrane bilayers and cells
4.1. Domain size and nanodomain formation
What controls domain size in membranes? One factor
influencing domain size would the amount of the membrane inFig. 3. Various potential arrangements of lipids and proteins in domains. This figure
might be arranged. Left: large continuous Lo domain, right: Large continuous Ld d
meant to imply that all the illustrated arrangements actually co-exist within a sing
Proteins associating with lipids that tend to form disordered domains shown in bla
shaded. (A) Classical raft-associating protein within a large Lo domain. (B) Classica
Lo nanodomain embedded in a continuous Ld region. (D) Ld nanodomain embedded
boundary layer or nanodomain. (F) Protein surrounded by an Ld shell/lipid annulus/
Lo domain. (H) Cluster of proteins inducing formation of Ld domain. (I) Transmem
attached saturated acyl chain.a particular phase. The predominant phase would usually be
expected to form a continuous single domain, while the less
abundant phase would tend to form discontinuous smaller
domains. This is consistent with model membrane studies
[71,72]. Should we think of rafts in terms of Lo islands in an
Ld ocean, or Ld lakes embedded within a Lo continent (Fig. 3)
[73,74]? We cannot say because it is uncertain what phase
predominates in cell membranes. However, studies based on
microscopy and detergent insolubility suggest that the Lo state
lipid would form a considerable fraction of the bilayer at 4 -C
[73,75]. If this were also true at physiological temperature, it
would not favor a picture in which rafts are rare and isolated
islands.
Even if we knew what phase was the predominant phase, it
would not reveal the size of the discontinuous domains.
Because domain formation implies that lipids within a domain
of one phase have lower free energy when interacting with each
other, the normal expectation would be that domains of one
specific type would tend to minimize their energy by
coalescing into large domains. In fact, this type of behavior
has been observed [39]. Nevertheless, domain size is not
always large. A pioneering study demonstrated that cholesterol
can dramatically reduce domain size in model membranes [72].
In mixtures of DPPC and dilauroyl PC containing low
cholesterol concentrations, large domains were detected by
light microscopy, but at higher cholesterol concentrations,
domains became ‘‘nanodomains’’ too small to detect by light
microscopy, although remaining large enough to detect by
fluorescence resonance energy transfer (FRET) [72]. More
recently, domains have been detected by FRET at high
cholesterol concentration in SM/POPC/cholesterol mixtures
[76]. Given the range of typical FRET interactions, such
nanodomains could involve clusters of as few as hundreds of
molecules. The formation of even smaller nanodomains under
some conditions cannot be ruled out [44,77].shows a complication of various possible ways in which domains and proteins
omain; center bottom: granular arrangement of nanodomains. This figure is not
le membrane. Ordered domains shown in gray; disordered domains in white.
ck; proteins associating with lipids that tend to form ordered domains shown
l disordered domain associating (non-raft) protein within a large Ld domain. (C)
in a continuous Lo region. (E) Protein surrounded by an Lo shell/lipid annulus/
boundary layer or nanodomain. (G) Cluster of proteins inducing formation of a
brane protein within Ld domain anchored into Lo domain at edge by covalently
E. London / Biochimica et Biophysica Acta 1746 (2005) 203–220 209This does not mean that low cholesterol concentration in a
membrane always results in large domain size. Fluorescence
correlation studies have failed to detect large domains at too
low or too high a cholesterol concentration in mixtures of
cholesterol and SM with dilauroyl or dimyristoyl PC [78]. In
another study, a decrease in ordered domain size as % ordered
domains decreases has been reported along a single tie line
within a region of likely Lo/Ld co-existence [77]. Thus, when
only a small fraction of the lipid bilayer is in the ordered state,
the size of ordered domains may be small irrespective of
cholesterol concentrations [77]. Likewise, under some condi-
tions, large domains may form even though cholesterol
concentration is high, depending on the lipid mixture involved
[78], or in the presence of specific proteins (see below).
Other factors may result also favor formation of small
domains. As noted above, at membrane compositions near a
critical point domains could be small because the unfavorable
energy of interaction between molecules in different domains
(i.e., interactions across domain edges) would be minimized.
Additionally, domains might also be small when molecules are
present that have a higher affinity for domain edges than the
domain interior. Such molecules would tend to increase the
edge-to-interior ratio [12,79]. Perhaps, cholesterol has an
affinity for domain edges that is sufficient for it to reduce
domain size at high concentrations [80].
What can we predict about raft size in cell membranes based
upon this information? It is hard to identify a reliable figure for
cholesterol concentration in cell membranes, but 40–50mol%
of total plasma membrane lipid is a reasonable guess. This very
high concentration might well result in small raft size. It
addition, we cannot rule out the possibility that cell membranes
have a significant level of other lipids and/or proteins that seek
raft edges, and thus reduce raft size. Thus, it is plausible that
cellular rafts could be small under most conditions.
Unfortunately, it is difficult to actually compare domain size
in model membranes and cells because there is no consensus
about the exact size of rafts in cells. Nevertheless, a number of
studies report that raft size in cells is often sub-light microscopic,
and there are increasing indications that clusters of raft lipids and
proteins are most likely to be extremely small under most
conditions. On the other hand, large domains have been
observed by light microscopy in some cases (see below),
especially when raft-associating components are clustered
[81,82]. However, recent studies have thrown doubt upon a
number of cases in which it has been claimed that large raft
domains form upon clustering of membrane components. It has
been shown that in some cases in T cells apparent rafts are really
just regions of increased membrane content [83], and that
functional changes attributed to domain formation can be
induced by protein clustering independent of the raft affinity
of the clustered protein [84]. Further complicating interpretation,
it is impossible to distinguish a region within a membrane that
contains a single large raft from a region that is enriched in
submicroscopic size rafts by light microscopy. Some artifacts
could be avoided if microscopy studies of large domains
routinely used multiple marker proteins for both Ld and Lo
domains [58].Thus, it is clear that one of the biggest challenges in raft
studies is the development of additional methods that can
detect domains, especially nanodomains, in cell membranes.
Further development of spectroscopic techniques sensitive to
local lipid environment may be useful in this regard [79,85–
87]. A study in which it was found that putative raft proteins
were concentrated in cellular regions that appear to be enriched
in ordered lipid as assayed by laurdan fluorescence is a good
example of this type of approach [86].
4.2. Large cellular domains in membranes having low
cholesterol concentration
The discussion above suggests large domain formation
could occur in biological systems when cholesterol concentra-
tion is relatively low. Sperm capacitation, a process that primes
sperm for fusion with eggs, may be one such example. Upon
capacitation, there is both a large decrease in sterol concentra-
tion and large plasma membrane rearrangements that may
involve lipid rafts [88]. Formation of large domains by lung
surfactant lipids, which contain only low-to-moderate choles-
terol concentrations but high concentrations of DPPC, has also
been reported [89].
Some internal cellular membranes may also have low
cholesterol levels. In these cases, lipid composition may
correspond more closely to points a and d in Fig. 1 while
plasma membrane compositions may be closer to point b and e.
One function of domains in internal membranes might be
segregation of lipid domains during sorting [26]. In fact, there
is some evidence in both cells and model membranes that
domain segregation via phase separation occurs during
formation of tubules or vesicles [90–92]. In this case, the
intrinsic ability of lipids in the Ld state to tolerate membrane
curvature may be the key physical property [93].
Hibernation may be another example of domain formation
in internal membranes having low cholesterol concentration. In
this case, low temperature, which strongly stabilizes ordered
domain formation, has been reported to induce formation of
protein-depleted membrane domains in the endoplasmic
reticulum [94], a membrane that is not ordinarily cholesterol-
rich. The protein-depleted domains may be in the gel state
rather than the Lo state.
4.3. Large ceramide-rich ordered domains
Ceramide is an unusual sphingolipid with a small polar
headgroup. It is able to form very stable tightly packed states
[95]. Model membrane studies have shown that ceramide has a
strong affinity for ordered domains, and that even small
amounts of ceramide greatly stabilize ordered domains
[96,97]. It has also been found that the presence of ceramide
appears to allow rapid transverse diffusion between inner and
outer leaflets [61] and itself rapidly flip-flops [62]. Thus,
ceramide might be able to promote raft formation in the inner
leaflet of the plasma membrane. An important series of studies
indicate that formation of ceramide-rich rafts may be important
for a number of biological processes, including certain types of
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see review in this issue). The formation of these domains is
induced by ceramide produced by SMase digestion of a large
fraction of plasma membrane sphingomyelin. These ceramide-
rich rafts, or platforms, are unusually large and easily detected
by light microscopy. Thus, ceramide-rich domains may provide
an opportunity to study raft structure/function relationship
under conditions in which raft formation and its functional role
in cells is relatively unambiguous.
It is not clear why ceramide-rich domains are especially
large. However, if low cholesterol concentration tends to
promote large raft domain size, one possibility is that large size
is related to the tendency of ceramide to displace cholesterol
from ordered domains [49,103,104]. There may be an
intriguing connection of cholesterol displacement to the known
ability of SMase treatment to result in the movement of
cholesterol from plasma membranes to internal membranes
[105–107]. It is tempting to speculate that this movement
arises from the displacement of cholesterol from ordered
plasma membrane domains [49].
Displacement of cholesterol from ordered domains by
ceramide also raises the possibility that the physical state of
ceramide-rich ordered domains differs from that of choles-
terol-rich Lo domains. In extreme cases, ceramide-rich
domains might have properties that resemble those of gel
state lipids. This could have implications for how ceramide-
rich rafts differ from ordinary rafts. For example, lateral
diffusion may be much slower in ceramide-rich domains than
in ordinary Lo domains. A consequence might be that the
formation or dissociation of functional protein complexes in
ceramide-rich rafts might occur more slowly than in ordinary
rafts, and thus raft-dependent processes might turn on or off
more slowly. There might also be important differences in
the affinity of proteins for ordinary and ceramide-rich rafts
[104].
5. Effect of protein interactions with lipids upon domain
formation and behavior
5.1. Association of membrane proteins with ordered domains
We have discussed the question: to what degree can we
explain raft properties based on the properties of lipids?
However, protein is an abundant membrane component that
must affect domain formation. To evaluate protein effects, we
must first consider what is known about protein association
with rafts. As noted above, a successful prediction of the Ld/Lo
co-existence model was that peripheral membrane proteins
anchored by saturated acyl chains would tend to be enriched in
rafts because saturated chains pack well within ordered
domains. This explained why proteins with acyl chains that
are at least predominantly saturated (i.e., containing myristoyl,
palmitoyl and/or GPI anchors) show a relatively high raft
affinity (as judged by their abundance in DRM derived from
cells and in model membranes) while lipid anchors with
structures unlikely to pack tightly in ordered domains (i.e.,
isoprenoid groups such as farnesyl or geranylgeranyl groups)were not [29,108,109]. Model membrane studies using
microscopy or other techniques have tended to confirm this
conclusion, although exact raft affinities measured by DRM
association are not always be the same as those measured by
less perturbing techniques, [34,78,110–112].
Other model membrane studies using both spectroscopy and
detergent insolubility have shown that the degree of association
of lipid-anchored peripheral proteins with ordered domains can
be highly dependent on the exact site and nature of covalent
attachment to lipid [34]. In some cases, peripheral polypeptides
anchored to membranes via multiple saturated acyl chains
show only modest affinity for ordered domains [34]. This is
reasonable because the position of fatty acyl chains relative to
each other, and steric clashes between lipid headgroups and
peptide, should affect the ability to pack well within an ordered
phase.
The fact that proteins are anchored by saturated rather than
unsaturated acyl chains by itself does not prove that raft affinity
is important for function. Since unsaturated acyl chains are
susceptible to oxidative damage, an alternative explanation is
that attachment to saturated acyl chains has evolved because it
prolongs the functional lifetime of lipid-anchored membrane
proteins. On the other hand, the observation that saturated
chains may impart only a modest affinity for ordered domains
is not inconsistent with functionally important interactions of
proteins anchored in membranes by such chains with rafts.
Even a protein with a weak raft affinity could interact with a
fully raft-associated protein to a significant degree, while a
fully raft-excluded protein could not interact. Exclusion of
phosphatase from ordered domains may be an interesting
example in which exclusion from ordered domains has
important functional consequences [172]. Furthermore, protein
monomers having a modest raft affinity would allow control of
binding to rafts by processes such as oligomerization, which
can greatly amplify raft affinity [12,16,55].
The association of transmembrane (TM) proteins with
ordered domains is more poorly understood than that of
lipid-anchored peripheral proteins. Studies in cells have found
that some TM proteins have an ability to locate in rafts (as least
as judged by association with DRM). However, the expectation
is that TM helices would pack poorly into Lo domains and thus
TM proteins would tend to locate in Ld domains rather than
rafts. In fact, model membrane studies have found a low
affinity of TM proteins and TM helices for Lo domains using
both detergent-insolubility and spectroscopy/microscopy
assays in a number of cases [11,79,109,113–115]. Is there
some additional factor in cells, such as oligomerization or
complex formation, that has been overlooked in model
membrane studies [116]? Perhaps, only specific TM sequences
pack well with lipids. In this regard, it is interesting that
mutations in the TM sequence of influenza HA can strongly
affect association of HA protein with DRM [117]. However,
whether this is a direct consequence of a change in lipid–
protein interaction, or HA protein intersubunit interactions that
indirectly affect raft affinity, is not clear.
Another possibility is that TM proteins could be surrounded
by a layer of Ld-favoring lipids having one saturated and one
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unsaturated chains face the protein and their saturated chains
face Lo domains. A variation of this would be that TM proteins
could be embedded in small Ld puddles that are in turn
embedded as inclusions within larger Lo domains (protein F in
Fig. 3).
Covalent attachment of palmitoyl fatty acyl groups to TM
proteins is another factor that could enhance raft affinity. It
would be surprising if a couple of fatty acids could by
themselves fully overcome the poor ability of TM helices to
pack within Lo domains, but they could certainly contribute to
raft affinity. Furthermore, association of a TM protein with the
edge of a raft such that the acyl chains are raft-embedded while
the remainder of the protein is just beyond the raft edge
(protein I in Fig. 3) might be sufficient for isolation of such
proteins in DRM. Lipid attachment need not even be covalent.
Glycosphingolipids, which concentrate in ordered domains,
could greatly enhance the raft affinity of TM proteins to which
they bind.
Consistent with these ideas, a number of TM proteins with
apparently strong raft affinity are modified by saturated fatty
acids, and in some cases these fatty acyl chains are crucial for
this apparent raft affinity [108,118–123]. For example, when
palmitoylation sites on the LAT protein are removed it loses
affinity for DRM and signaling function [122,124]. However,
association with saturated acyl chains clearly does not fully
explain TM protein raft affinity. A model membrane vesicle
study on the TM segment of the DRM-associating LAT protein
showed that as judged by spectroscopy, microscopy and
detergent insolubility the TM sequence had a low affinity for
both Lo domains and domain edges in model membranes
whether or not it had the two native palmitoyl chains attached,
although a small increase in association with model membrane
derived DRM was noted for the palmitoylated protein [116]. It
has also been shown that the loss of palmitoylation has little
effect on the association of caveolin with DRM [125]. Thus,
our understanding of TM protein behavior is very incomplete,
and this limits our ability to understand the structure and
function of rafts in cells.
5.2. Ambiguity in defining raft association: domain
arrangement and marker reliability
It is important to note that some of the confusion concerning
the affinity of proteins and other molecules for ordered
domains may arise because what defines a raft-associated
protein might be dependent upon the arrangement of domains
in a membrane and the assay used. In this regard, it is
instructive to consider Fig. 3, which shows some hypothetical
domain arrangements. In addition to large domains (oceans and
continents), a granular organization of interspersed small
domains is possible. Furthermore, large domains of one type
might contain small inclusions (islands and lakes, as shown by
C and D in Fig. 3, respectively) of a different type.
One might propose that any protein surrounded by saturated
lipids and cholesterol is raft-associated. In that case proteins, A,
E and G in Fig. 3 would be raft associated. These conclusionsmight agree with experimental results obtained using spectro-
scopic techniques that are sensitive to local lipid environment.
However, by light microscopy one might define proteins A, F
and H as being raft-associated. By detergent insolubility, the
definition becomes even more ambiguous. Whether proteins in
the situation of proteins E, F, G and H would be detergent
insoluble is unclear. And protein I might be raft associated even
if its TM domain is located outside of ordered domains.
The possibility that the various domain arrangements
shown in Fig. 3 might co-exist is an additional source of
complexity. Co-existing bulk domains and inclusions might
have different compositions, and can be considered an
example of situations in which there are more than two types
of domains (see below). If inclusions exist, a protein might
have a higher (or lower) affinity for an Ld inclusion located
within an Lo domain than it has for a large Ld domain. Of
course, a similar situation might apply to Lo inclusions. These
possibilities may not be just purely theoretical. The tendency
of small amounts of ganglioside GM1 to induce the movement
of the GPI-anchored proteins from ordered to disordered
domains [111,126] can be explained if GM1 and GPI-
anchored proteins compete for binding to a distinct minor
subset of ordered domains that differ from the bulk ordered
domains with regard to certain properties. Such situations also
raise the issue of marker reliability. A marker protein or lipid,
chosen because it is believed to have an affinity for Ld or Lo
domains, may actually have an affinity that is variable and
dependent upon the details of membrane domain structure or
lipid composition [127].
Should a protein that prefers to associate with Ld inclusions
within an Lo domain (relative to association with a bulk Ld
phase) be considered raft associated? Clearly, this is dependent
upon the definition of raft used.
It should also be noted that the prediction from phase
diagrams that co-existing gel, Ld and Lo domains can all co-
exist is another example of how more than two domain types
could be present in a membrane.
5.3. Protein-induced domain formation
A protein with a strong affinity for ordered domains could
greatly influence domain formation. The most unambiguous
results have been obtained with cholera toxin, which as noted
above, is strongly raft-associating [69]. It has recently been
shown that CT can induce formation of large ordered domains
in model membrane vesicles under conditions in which bilayers
had a lipid composition forming a homogeneous Ld state prior
to addition of protein. Importantly, CT also induced formation
of Ld domains under conditions in which the entire bilayer had
a lipid composition that appeared to form a homogeneous Lo
state in the absence of protein. The ability to induce both Lo
and Ld domains can be explained by saying CT acts by
increasing the mutual insolubility of high Tm and low Tm
lipids. A similar phenomenon may be occurring in cells when
clustering of proteins with an intrinsic raft affinity leads to the
formation of domains large enough to detect by light
microscopy (in formation of regions rich in ordered domains).
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play a key role in large domain formation by bacteria. For
example, large rafts associated with Listeria binding to
mammalian cells have been observed [58]. This study seems
especially unambiguous because of the use of multiple
markers, for both raft and non-raft domains, to show that co-
localization is specific to putative raft components. Studies
with such controls are more likely to identify cases of large raft
formation accurately.
Protein-induced domain formation might not always involve
the formation of large domains. We have pointed out in an
early review that at one extreme ordered domains could be as
small as a single layer around a protein [12]. It has been argued
that such ‘‘lipid shells’’ organized by proteins with an affinity
for raft lipids are the likely form of ordered domains in cells
[128]. However, such a model requires an interaction strong
enough to cluster the appropriate raft-favoring lipids. It is hard
to see how a protein anchored by one or two acyl chains could
organize such multiple interactions via interactions of the
protein-attached acyl chain and lipid. Packing a layer of
ordered lipid around the rough lipid-facing surface of a TM
protein is even more problematical. One possibility is that
interactions between peripheral protein sequences and multiple
lipids via their headgroups help organize ordered domains
[128]. A second possibility is that protein oligomers/clusters
containing with a large number of saturated acyl chains, such
as in the case of cholera toxin, are required.
Ordered domain formation might also be triggered by the
presence of proteins that associate strongly with lipids that tend
to form disordered domains. Such proteins could nucleate
disordered domains which separate away from ordered
domains formed by the remaining membrane lipids
[79,129,130]. Certainly, the probability that TM proteins have
a rough lipid-facing surface makes it easier to rationalize or-
ganization of disordered domains by TM proteins.
6. Implications of model membrane behavior for methods
commonly used to detect rafts in cells
6.1. Lipid modification approaches: cholesterol depletion
experiments
One approach to identify the physiological role of lipid rafts
has been to deplete cell membranes of cholesterol or
sphingolipid in order to reduce or eliminate ordered domain
formation. The most common approach has been to deplete
membranes of cholesterol. Cholesterol depletion experiments
generally involve reducing the level of cholesterol in mem-
branes by its removal with cyclodextrins (often methyl-beta-
cyclodextrin, MhCD), or by inhibition of cholesterol biosyn-
thesis with statins. Only partial removal can be obtained under
conditions that retain cell viability [131–133]. Cyclodextrin
removal is rapid, but not always totally lipid specific [134], and
the longer time necessary for statin action might result in
undesired secondary changes. However, the ability to reverse
functional effects of cholesterol depletion upon repletion with
cholesterol (e.g., using cholesterol–MhCD complexes) helpsto rule out the possibility that effects observed are due to
something other than cholesterol removal [133,135]. An
alternative approach to disrupt cholesterol-dependent processes
is complexation of sterols with polyene antibiotics (e.g.,
nystatin) [136–140]. Our incomplete understanding of the
nature of the complexes so obtained is a limitation of this
approach. Nevertheless, similar results are often obtained with
different cholesterol ‘‘removal’’ methods, indicating disruption
of some cholesterol-dependent process is involved.
Generally, if a cell membrane has co-existing Lo and Ld
regions the amount of lipid rafts would be expected to decrease
as cholesterol is depleted. Thus, the observation that a function
is affected by cholesterol depletion is often cited as evidence
that a raft-dependent process is involved. However, consider-
ation of ternary phase diagrams shows that the actual events as
cholesterol is depleted can be complex. Fig. 4 (left) shows a
phase diagram for which cholesterol depletion would give
results that match conventional expectations. Along the
compositions denoted by the downward vertical arrow both
the amount of ordered phase decreases and the concentration of
cholesterol in the ordered domains decreases (assuming tie
lines positioned as in Fig. 1). With sufficient depletion, Lo
phase disappears completely.
However, it has been pointed out (Gerald Feigenson,
Cornell U., personal communication) that for a different phase
diagram moderate levels of cholesterol depletion would lead to
a Lo state with an increased concentration of cholesterol (in
Lo+Ld region along downward solid arrow in Fig. 4 (right),
again assuming tie lines similar in positioning to those in Fig.
1). It is also possible to have a phase diagram such that with a
sufficient degree of cholesterol depletion lipids would go from
forming an Ld+Lo mixture to forming a gel+Ld mixture (e.g.
as shown along solid arrow in Fig. 4 (right)). Finally, it is
possible to have a situation in which cholesterol concentrations
are high enough so that the basal state is a uniform Lo state
(dashed arrow Fig. 4 (right)), and in which cholesterol
depletion leads to co-existing Ld+Lo domain formation. In
this regard, it is interesting to note that it has been reported that
cholesterol depletion can lead to the formation of domains
large enough to be detected by light microscopy [141].
However, it is not known in these experiments whether
submicroscopic domains existed prior to cholesterol depletion.
6.2. Cholesterol chemical activity can explain effects of
cholesterol depletion by a raft-independent mechanism
The interaction of sterol with cholesterol-dependent cytoly-
sins [142], and the ability of sterols to promote Semliki Forest
Virus induced membrane fusion [143,144], are examples of
processes for which high cholesterol concentrations in mem-
branes are required, but in which lipid rafts may not be [145]
(at least not absolutely [146]). In such cases, cholesterol
depletion cannot be interpreted only in terms of its effect on
lipid rafts.
Why should some raft-independent biological processes
intrinsically require particularly high cholesterol concentrations
in membranes? One explanation is that these processes involve
Fig. 4. Effect of cholesterol depletion upon lipid phase behavior. Arrows illustrate cholesterol depletion events superimposed over different phase diagrams. See text
for details. In the phase diagram on the left, within the Ld+Lo co-existence region the cholesterol content in the ordered domains decreases with decreasing overall
cholesterol concentration. In the phase diagram on the right, within the Ld+Lo co-existence region the cholesterol content in the ordered domains increases with
decreasing overall cholesterol concentration.
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concentration. An alternate explanation arises from models
proposing that the chemical activity coefficient of cholesterol
increases as its concentration in membranes increases. The
higher the chemical activity coefficient of cholesterol, the
greater would be its tendency to interact with proteins.
Two models predicting this behavior have been proposed. In
the umbrella model, the familiar hydrophobic effect, i.e., the
tendency of non-polar groups to avoid contact with water, is
crucial [147]. This model states that because the small polar
headgroup of cholesterol is not sufficient to shield its
hydrocarbon rings from water, cholesterol tends to locate
beneath the polar headgroups of other lipids (e.g., relatively
large phosphocholine groups of PC or SM), which act as
umbrellas. (A related way of thinking about this is in terms of
the intrinsic lipid curvature due to differences between
hydrophilic and hydrophobic cross-sectional areas. Intrinsic
curvature measures the tendency of lipids to form non-planar
structures that maintain packing while minimizing exposure of
hydrophobic groups to water. Opposite cholesterol and PC/SM
curvature means that they can interact so as to cancel curvature
stress.) In the shielded state cholesterol is relatively stable and
unreactive. As cholesterol concentration within the bilayer
increases, it becomes increasingly more difficult to find a
location that shields cholesterol from water, and so its activity
coefficient increases.
In an alternate model, it has been envisioned that cholesterol
forms a low energy complex with other lipids [148,149]. The
interactions stabilizing these complexes might involve the same
factors as in the umbrella model, but need not be so. In any
case, the general features of the predicted behavior is the same
as in the umbrella model, in that above a particular
concentration of cholesterol the lipids with which cholesterol
interacts to form a complex become saturated with cholesterol,
so that there is excess ‘‘free’’ membrane cholesterol, which has
a high chemical activity coefficient.
These models can explain some otherwise puzzling observa-
tions. For example, the tendency of ceramide (which likecholesterol has a small polar headgroup) to displace cholesterol
from ordered domains can be explained in terms competition for
space under the ‘‘umbrellas’’ formed by lipids with large
headgroups (plus intrinsically tight packing by ceramide) [49].
A similar explanation has been invoked to explain why even in
homogeneous Ld bilayers the presence of ceramide can induce
sterol interaction with membrane proteins at lower sterol
concentrations than observed in the absence of ceramide
[150]. Even the increase in the free energy of cholesterol within
a homogeneous bilayer due to the competition of ceramide for
low energy sites would promote binding to protein.
Whatever molecular explanation is correct, the observation
that a process requires a high cholesterol concentration and is
adversely affected by cholesterol depletion cannot by itself be
considered unambiguous evidence for the involvement of lipid
rafts.
6.3. Improving membrane modification experiments: substitu-
tion experiments
The limitations of cholesterol depletion experiments might
be circumvented by a strategy in which membrane cholesterol is
substituted or supplemented with molecules having various raft-
stabilizing abilities. The principle of such experiments is similar
in spirit to the idea behind cholesterol depletion experiments:
does an alteration in lipid structure that would alter raft structure
alter a biological function? We have suggested that substitution
experiments in which cellular cholesterol is replaced with other
sterols having a range of raft forming abilities would be useful
for such studies [35], and characterized raft-stabilizing and raft-
destabilizing tendencies for a number of sterols and steroids that
may be useful for such experiments [35,96,151]. Substitution
using a sterol that is similar to cholesterol but does not share its
raft-forming abilities would minimally alter overall membrane
properties relative to the changes induced by gross depletion in
total cholesterol. For example, substitution should reduce
alterations of cellular behavior that arise from a decrease in
bulk membrane volume upon cholesterol depletion. Using a
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abilities and functional effects would be a strong argument that
rafts are involved in a biological process. The conclusion that
rafts are likely to be involved would be even more robust if non-
steroid type raft modifiers were successfully included in such a
study.
A few studies have adopted a sterol-modification strategy to
look at ion channel function, sperm capacitation and HIV
infectivity, and found intriguing results that hint at a raft
relationship [152–154]. Particularly noteworthy is a study in
which it was found that there was a correlation between the
raft-stabilizing ability of a sterol substituted into the envelope
of HIV and the infectivity of the resulting HIV particle [153]. It
should be pointed out that these studies have been careful to
adopt the important step of directly determining sterol
composition of membranes after substitution. This is important
because the amount of substitution can be dependent upon the
sterol or steroid used.
A related strategy has been based upon the use of the
enantiomer of cholesterol (ent-cholesterol) [155,156]. Ent-
cholesterol has very cholesterol-like physical properties, but
is unlikely to interact normally with cholesterol-binding sites
on proteins. Thus, the observation that a biological function is
fully supported by ent-cholesterol is evidence that some
physical property of cholesterol, rather than a biochemical
property, is involved in that function. Another related approach
involves cholesterol oxidase treatment [157], which converts
cholesterol to raft-destabilizing 4-cholesten-3-one [35]. This
method might be simpler for some studies.
Raft-modification experiments have also been performed
using addition of polyunsaturated fatty acids (pufa) to modify
cellular rafts [158,159].
It must be cautioned that sterol substitution and other types
of modification studies are subject to several sources of
uncertainty. There have been no studies that identify precise
raft levels in the presence of sterol mixtures. In addition,
alterations in raft physical properties, which might depend on
the raft modifier used, might be as important as raft levels in
controlling function [160]. Finally, indirect effects due to
metabolic alterations can influence the results of such studies
[161,162].
6.4. Interpretation of detergent insolubility in cells
A second biochemical method to identify rafts in cells
involves the insolubility of ordered domains in detergent.
Detergent insolubility-based methods rely on the idea that
strong lipid– lipid interactions in tightly packed ordered
domains tend to make them much more resistant to solubili-
zation (which replaces lipid–lipid interactions with lipid–
detergent interactions) than loosely packed Ld domains.
(However, there are exceptions to this rule based on the fact
that partial maintenance of lipid–lipid interactions in lipid–
detergent mixtures can sometimes facilitate formation of a
micellar rather than a bilayer structure [14,163]). Indeed, in
model membranes containing Lo and fluid domains, insoluble
membranes arising only from the Lo domains can be obtainedunder appropriate conditions, and the stability of these
insoluble domains can correlate closely with the ability of the
membrane lipids to form ordered domains as measured by
methods avoiding detergent [33–37]. At least for some GPI-
anchored proteins, there is no insolubility due to movement of
proteins from vesicles that are detergent soluble to insoluble
membranes subsequent to detergent addition [27,29]. In
addition, as noted above, the affinity of molecules for ordered
domains determined by spectroscopic and insolubility methods
can also be similar [34,111,112,151], although some differ-
ences have also been reported [164].
However, any detergent must alter lipid behavior to some
degree. A detergent that quickly dissolved up Ld domains
while leaving Lo domains relatively untouched would be ideal,
especially if the Lo domains quickly fused to form a closed
vesicle to which detergent could not bind, thus precluding
further solubilization. This could kinetically trap the equilib-
rium present prior to detergent addition [14]. Another
possibility is raised by recent studies showing that addition
of Triton X-100 to vesicles with Lo and Ld domains induces
the Lo domains to rapidly pinch off and form separate particles/
vesicles [165]. If this step is followed by solubilization of the
residual vesicles containing Ld domains, it would also result in
the desired Ld domain-selective solubilization.
Unfortunately, these ideal situations are probably not always
achieved. As we have warned repeatedly [14,166], there are a
number of problems associated with detergent insolubility
experiments. To illustrate ways in which solubilization can fail
to exactly reflect phase behavior, hypothetical solubilization
profiles superimposed over ternary phase diagrams are shown in
Fig. 5. This figure only illustrates solubilization levels in the
presence of a detergent concentration sufficient to completely
dissolve Ld domains. Both idealized (panel A.) and more
realistic (panel B.) insolubility behaviors are shown. In panel A.
unshaded regions represent lipid compositions that are totally
solubilized. Darkly shaded regions represent lipid compositions
in which the bilayers are totally composed of ordered (Lo or gel)
domains that are theoretically fully detergent-insoluble. Inter-
mediate shading corresponds to regions in which both Ld and
ordered domains are present, and the ordered domains are fully
insoluble. Notice solubilization behavior in the zone of
homogeneous one-phase bilayer beyond the critical point (left
side of diagram). As cholesterol concentration is increased there
is a gradual decrease in Ld character and increase in Lo
character, and thus a gradual increase in insolubility, as
indicated by a gradual change in shading. Insolubility in this
compositional range is ambiguous (see below).
A more realistic solubilization profile that agrees with
experimental data is illustrated schematically in Fig. 5B. One
problem illustrated arises from the fact that TX-100 can, in
some cases, partially or even fully dissolve ordered domains
lacking cholesterol unless very low temperatures are used
[167]. At 23 -C, the degree of ordered domain solubilization
appears to increase as cholesterol concentration is decreased
[14,35]. As a result, at both zero and low cholesterol
concentrations this problem leads to an underestimate of the
level of ordered domains (shown by the lightly shaded areas
Fig. 5. Detergent Insolubility Behavior Mapped Over Phase Behavior. Identity of phases as in Fig. 1. (A) Idealized insolubility behavior. Fully detergent-insoluble
compositions in which entire membrane is in an ordered physical state (Lo and/or gel) shown in dark gray, partially detergent-insoluble compositions in which
ordered domains are insoluble and disordered fluid (Ld) domains are soluble are shown in medium gray. Fully detergent soluble composition in which membranes
are in Ld state are shown in white. Notice that in the one-phase region in which Ld state lipid gradually becomes Lo state along the left that there is a gradual increase
in insolubility. (B) More realistic insolubility behavior. Light and very light gray (e.g., those denoted by (i) show regions in which ordered domains are partially
soluble while disordered domains (if present) are fully soluble. Medium gray region denoted by ii represents a compositional range in which insoluble ordered
domains form due to cooling prior to detergent addition and/or in which membrane-inserted detergent induces formation of the Lo state.
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ordered domain composition. This behavior raises the possi-
bility that increased solubilization observed upon cholesterol
depletion in cells does not necessarily prove that ordered
domains have been destroyed. Instead, they may still exist but
be less resistant to detergent solubilization (see below).
This problem may be alleviated by performing solubilization
at 4 -C, as is usual in experiments using cells. Low temperature
stabilizes ordered domains and increases their insolubility. For
example, at 4 -C, pure DPPC gel phase bilayers lacking
cholesterol are detergent-resistant, but are not at higher
temperatures that still maintain gel phase [167]. However, this
results in a new source of uncertainty because low temperature
favors the formation of ordered domains, and thus domains that
exist at 4 -C may not exist at 37 -C. In other words, cooling
samples to prevent over-solubilization can result in under-
solubilization by altering the phase behavior of the lipids [14].
As shown in Fig. 5B. under-solubilization could result in there
being compositions at which insolubility is observed even
though domains are not present at physiological temperature
(region denoted by ‘‘ii’’). In addition, there could be temperature
dependent changes in the affinity of proteins for domains, and
changes in the type ordered state that forms (i.e., gel vs. Lo).
Since low temperature is needed to isolate TX-100 insoluble
domains from cells this is amajor source of uncertainty in studies
of DRM from cells. On the other hand, the fact that DRM can be
obtained at physiological temperatures using Brij detergents
indicates that weakly detergent-resistant ordered domains may
exist in cell membranes at physiological temperatures [168].
However, whether Brij insoluble fractions correspond to isolated
ordered domains is uncertain (see below).
Partial solubilization of components from homogeneous
membranes [14,166] may also involve experimental alteration
of lipid phase. It has been proposed that low concentrations of
Triton X-100 could induce domain formation under conditions
in which it would not ordinarily occur (again illustrated asoccurring in area ii in Fig. 5B) [169]. This would arise from the
fact that, as noted above, domain formation is dependent on the
immiscibility of components, and if TX-100 is especially
immiscible in ordered domains, then it could promote their
formation. This important concept was ignored in almost all
earlier studies. However, there are some caveats. The first is
that ordered domain induction by incorporation of TX-100 into
bilayers has been inferred from calorimetric data, and needs to
be confirmed more directly by other methods. Second, the
experimental conditions studied involved low detergent levels,
and conditions in which equilibria were established. Whether
the results are fully applicable to typical solubilization
experiments in which high detergent concentrations are used
and kinetic effects may be important is unclear. Finally, the
demonstration that low TX-100 levels induce Lo domains to
rapidly bud off from vesicles containing co-existing Ld and Lo
domains show how kinetic phenomena might result in an
appropriate separation of Lo and Ld domains by detergent
[165]. It should be noted that detergent-induced separation of
ordered and disordered domains into separate vesicles should
result in thermal stabilization of the ordered domains and this
might be mistaken for detergent-induced domain formation, but
in fact it is not.
One final complication in solubilization experiments arises
from the assumption that detergent concentration has been
optimized. Detergent concentration can have a big effect on the
degree to which a protein is DRM associated [170]. However,
this parameter by itself can be misleading. Since the level of
solubilization should depend on the ratio of detergent to lipid
(after correction for the presence of monomeric detergent
[171]), variations in both the detergent concentration used and
the ratio of detergent to cell number/type could affect
solubilization results. Use of too little detergent greatly
increases the danger of mistaking components in partially
solubilized Ld domains for components in Lo domains. Use of
too much detergent could be equally problematic as it might
E. London / Biochimica et Biophysica Acta 1746 (2005) 203–220216result in partial solubilization of Lo domains. These issues are
no doubt responsible for a significant fraction of the confusion
about what molecules in cells interact most strongly with
DRM. Detergent/cell ratios and the solubility behavior of
multiple marker proteins should be routinely reported in
detergent insolubility experiments.
6.5. When does detergent-insolubility give meaningful results?
In retrospect, the mere isolation of DRM from cells does not
prove that there were co-existing ordered and disordered
domains present prior to detergent treatment. Instead, it is an
indication that a membrane has a composition that is close to
one in which ordered domains would be stable. Nevertheless,
despite its limitations, insolubility in detergent remains a useful
tool. In studies of cells, the relative level of lipids and proteins
in DRM provides a initial estimate of their affinity of molecules
for ordered domains[172]. Changes in DRM association under
different physiological conditions are likely to be even more
significant than absolute levels of association.
In model membranes, detergent insolubility can be partic-
ularly useful because over a range of experimental tempera-
tures detergent-insoluble domains arising apparently
exclusively from Lo domains can be isolated when Lo and
Ld domains do co-exist prior to detergent addition.
Why does the isolation of DRM from cells require the use of
low temperature whereas isolation of DRM from sphingolipid
and cholesterol rich model membranes does not? One
possibility is that in eukaryotic cells solubilization is easier
because the membrane inner leaflet is sphingolipid-poor.
6.6. Improving detergent insolubility-based techniques
Development of improved detergent insolubility methods
would be of great value, and solubilization by various
detergents has been compared [173,174]. Detergents that can
be used to isolate ordered domains at 37 -C should be
especially useful. As noted above, Brij family detergents have
been proposed for this purpose [168]. However, Brij detergents
tend to be less strongly solubilizing than Triton X-100 and may
not always fully dissolve non-raft domains [30,173,174]. Non-
detergent methods for isolating ordered domains from cell
membranes may have a similar limitation. In the case of Lubrol
detergents insolubility patterns that differ from those with
Triton X-100 have been suggested to be indicative of the
presence of multiple types of lipid rafts with different levels of
solubilization resistance [175]. Alternatives are that Lubrol and
Triton have differing abilities to fully dissolve disordered
domains or differentially extract molecules from ordered
domains [174]. In either case, differential extractability by
different detergents may contain important information.
Can detergents with improved solubilization properties be
found? Surveys of different detergents have yet to identify
major differences that would favor substitution of TX-100 with
another detergent in all cases [173,174]. An alternative strategy
that has not been exploited is to try mixtures of stronger and
weaker detergents (e.g., TX-100 and Brij). The degree ofassociation of a protein with insoluble membranes as the
fraction of TX-100 in the detergent mixture was increased (at
37 -C) might be a useful parameter for evaluating relative raft
affinity.
7. Summary
Model membrane studies provide many clues into the
possible nature of lipid rafts in cells. However, cell mem-
branes are more complex than model membranes. In cells,
ordered lipid domains may exist at the borderline of
conditions at which they are stable, and/or in the form of
almost infinitesimal nanodomains. If rafts only exist as
nanodomains that are inaccessible to detection by experimen-
tal techniques then it can be questioned whether the raft
concept is useful. However, even nanodomain-sized rafts
could modulate the ability of proteins to interact with one
another, and thus can be of functional significance [172].
Thus, the importance of developing methods to study
nanodomain-sized rafts must be emphasized. Future progress
in the raft field will depend both upon methodological
advances that can be applied to cellular studies, and model
membrane experiments employing increasingly realistic lipid
and protein compositions. Biochemical manipulations to
isolate and/or modify ordered domain formation in cells offer
a powerful, albeit indirect, way to examine rafts and their
functional influence whatever their size. However, model
membrane studies show that, as used at present, the most
commonly used methods of this type have limitations that
prevent them from providing definitive answers to questions
of when (or even whether) lipid rafts exist. Further
improvement in these techniques is also critical.Acknowledegments
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